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Abstract 

Background: Non-productive cellulase adsorption onto lignin has always been deemed to negatively affect the 
enzynnatic hydrolysis of lignocellulosic feedstocks. Therefore, understanding enzyme-lignin interactions is essential 
for the development of enzyme mixtures, the processes of lignocellulose hydrolysis, and the genetic modification 
of lignocellulosic biomass and enzymes. In this work, we examined the properties of six lignins from diverse types 
of lignocellulosic biomass (aspen, pine, corn stover, kenaf, and two Arabidopsis lines, wild-type and SALK mutant of 
fahl) to determine the mechanism of differences in their adsorption of enzymes. 

Results: We found that lignin sources affected enzyme adsorption using structural features, such as functional 
groups and lignin composition. Guaiacyl (G) lignin had a higher adsorption capacity on enzymes than syringyl 
(S) lignin. The low S/G ratio and high uniform lignin fragment size had good correlations with high adsorption 
capacity. A higher content of phenolic hydroxyl groups and a lower content of carboxylic acid groups resulted in 
stronger adsorption affinity for corn stover lignin (GL) than for kenaf lignin (KL) and aspen lignin (AL). The lower 
amount of aliphatic hydroxyls that reduced hydrophobic interactions could explain the higher adsorption capacity 
of pine lignin (PL) than GL Enzyme activity assays, as well as the hydrolysis of Avicel, phosphoric acid-swollen 
cellulose (PASG), and holocellulose, were performed to study the behaviors of mono-component enzymes that 
resulted in adsorption. We found that cellobiohydrolase (GBH) and xylanase were adsorbed the most by all lignins, 
endoglucanase (EG) showed less inhibition, and p-glucosidase (BG) was the least affected by lignins, indicating the 
important role of carbohydrate-binding module (GBM) in protein adsorption. 

Conclusion: Lignin sources affect enzyme adsorption using structural features and lignin composition, such as S/G 
ratio, carboxylic acid, aliphatic hydroxyl, and phenolic hydroxyl. For mono-component enzymes, the adsorption capacity 
decreased in the order GBH, xylanase > EG > BG. These investigations revealed the difference in lignin properties between 
diverse biomass and adsorption capacity of enzymes to lignins, and the possible underlying mechanism. The results can 
also serve as a reference for the genetic modification of lignocellulosic biomass and enzymes. 

Keywords: Enzyme adsorption. Diverse types of biomass, Lignin property, S/G ratio 



Background 

The conversion of lignocellulosic materials into bioethanol 
has drawn worldwide attention because of concerns about 
the depletion of fossil fuels. Two major constituents of lig- 
nocellulosic biomass, cellulose and hemicellulose, can be 
converted to fermentable sugars. However, another main 
component, lignin, has been always deemed to have a 
negative impact on the saccharification of lignocellulosic 
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feedstocks by physically barring and unproductively 
adsorbing hydrolytic enzymes [1-3]. 

Lignin is an aromatic cell wall polymer in vascular 
plants. It encrusts and glues the network of cell wall car- 
bohydrates together, stiffening the cell wall structure. Its 
biosynthesis occurs through the radical coupling of the lig- 
nin precursors, coniferyl, sinapyl, and j^-coumaryl alcohol, 
giving rise to a random sequence of guaiacyl (G), syringyl 
(S), and hydroxyphenyl (H) subunits in the polymer, re- 
spectively. The sequence varies from plant to plant, and 
the ratio of G, S, and H units significantly differ in 
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softwood, hardwood, and grass species. However, three 
main types are recognized: softwood lignin is mainly com- 
posed of G units (G-type), whereas both G and S units are 
abundant in hardwood (GS-type). In addition to G and S 
units, H units are also present in grasses and compression 
wood lignin (GSH-type). However, to date, no study has 
been conducted about the adsorption of enzymes onto lig- 
nins from these diverse types of biomass. Whether the dif- 
ference in lignin composition affects adsorption capacity is 
also unclear. Moreover, the genetically engineered biomass 
with modified S/G ratio in lignin, which serves as a more 
promising sugar source for ethanol production, is being 
actively studied [4,5]. Thus, further understanding be- 
tween lignin composition and enzyme adsorption could 
guide the genetic modification of biomass. 

The adsorption of enzymes onto isolated lignins has 
been widely studied, and most of the studies involve dif- 
ferent enzymes or lignins extracted from pretreated ma- 
terials [1,2,6,7]. In a previous study, cellulases and 
xylanases have been found to be significantly affected by 
lignin, with p-glucosidase (BG) being the least affected 
[1]. Carbohydrate-binding module (CBM) has been iden- 
tified to play an important role in protein adsorption [2]. 
The adsorption capacity has been found to differ among 
various lignins from pretreated materials [6]. Using the 
good correlation between the hydrolysis yields of the 
pretreated lignocellulose and Avicel containing the iso- 
lated lignin, Nakagame et al [8] reported that native dif- 
ferences in lignin may be the reason for the differences 
in their inhibitory properties. However, the mechanism 
on how it affects the inhibitory hydrolysis was not ex- 
plained. Pan [9] also found that the hydrolysis inhibition 
was dependent on lignin sources and the structural fea- 
tures of lignin, like how functional groups were important 
for enzyme-binding or the enzyme-interfering capacity of 
lignin. However, comparison studies on the adsorption 
capacities of native lignins from diverse types of biomass 
that consider their physicochemical properties have not 
been conducted. Therefore, it is of interest to study them 
in terms of total protein adsorption and mono-component 
enzyme adsorption to help elucidate the fundamentals be- 
hind protein adsorption. Proper understanding of the lig- 
nin structures that promote enzyme adsorption could help 
provide a reference for the genetic modification of ligno- 
cellulosic biomass. 

It is well known that hydrophobic interactions have been 
identified to be a major driving force for protein adsorp- 
tion onto lignin [1,6]. For functional groups, which affect 
lignin-enzyme interactions, a low carboxylic acid group 
content and a higher phenolic hydroxyl content in lignins 
could result in the increased protein adsorption capacity 
[2], and the data by Berlin et al. [1] also indicate that the 
polydispersity index (PDI) is inversely related to the inter- 
action of the polymer with the protein. 



The present study focuses on the adsorption of the en- 
zyme from Penicillium oxalicum JU-AIO-T onto lignin 
preparations from diverse types of biomass (softwood, 
hardwood, and herbaceous plants) and two Arabidopsis 
lines (wild- type and SALK mutant of fahl). The differ- 
ences in the properties of lignins, such as chemical func- 
tionalities, molecular weight, PDI, and composition, 
were also determined to investigate their potential con- 
nections to enzyme adsorption affinity. 

Results and discussion 

Adsorption of cellulase onto lignins from different types 
of lignocellulosics 

To compare the adsorption of extracellular proteins in 
crude enzymes from the liquor fermentation of P. oxali- 
cum to that in lignins from diverse types of biomass, 
5.4 mg protein/g lignin mixed systems were made, be- 
cause evident change and difference in the protein band 
could be clearly observed in the reaction system, accord- 
ing to a previous study (data not shown). The changes 
in protein content resulting from the adsorption by lig- 
nins are shown in Figure 1, and the visible differences in 
protein band change could also be observed in SDS- 
PAGE (data not shown). Obviously, there were signifi- 
cant differences in the adsorption capability of cellulase 
onto lignins among the various lignocellulosic materials. 
Corn stover lignin (CL) and pine lignin (PL) had the 
highest adsorption affinity on the enzyme, and aspen lig- 
nin (AL) had stronger adsorption capacity than kenaf 
lignin (KL). The adsorption capacity decreased in the 
order PL > CL > AL > KL. For the two Arabidopsis lines, 
Arabidopsis SALK mutant 063792 lignin (ASL) adsor- 
bed significantly more protein than Arabidopsis Col-0 
lignin (ACL). 
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Figure 1 The changes in the protein content in the supernatant 
after the adsorption by lignins. Samples that lack lignin served as 
control. ACL, Arabidopsis Col-0 lignin; AL, aspen lignin; ASL, Arabidopsis 
SALK mutant 063792 lignin; CL, corn stover lignin; KL, kenaf stalk lignin; 
PL, pine lignin. 
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Inhibitory effects of lignins on mono-component enzymes 

Protein quantification provides an overview of the enzyme 
adsorption capacities of the lignin preparations. To gain 
insight about the adsorption of prominent enzymes in the 
protein preparations studied, activity assays for cellobiohy- 
drolase (CBH), endoglucanase (EG), BG (cellulase), and 
xylanase (hemicellulase) were performed (Figure 2A). Simi- 
larly, the behavior of the mono-component enzyme that 
resulted in adsorption could also be observed in the hy- 
drolysis of Avicel and phosphoric acid-swollen cellulose 
(PASC), representing the change of CBH and EG, respect- 
ively, and holocellulose, representing the change of xyla- 
nase and total cellulase (Figure 2B). These show that CL 
and PL had the most significant decrease in enzyme activ- 
ities, and CBH and xylanase were adsorbed the most by all 
lignins. EG was less inhibited, which may be attributed to 
the difference in protein structure, like hydrophobic sites. 
BG, which had no CBM, was the enzyme least affected by 
the lignins (Figure 2). According to the results of the hy- 
drolysis of holocellulose, total cellulase was found to have a 
stronger inhibition effect on lignins than xylanase. Berlin et 
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Figure 2 (A) The changes of enzyme activities and (B) the 
inhibition effect of lignins on the enzymatic hydrolysis of 
various celluloses. Samples without lignin served as control. ACL, 
Arobidopsis Col-0 lignin; AL, aspen lignin; ASL, Arobidopsis SALK 
mutant 063792 lignin; BG, (3-glucosidase; CBH, cellobiohydrolase; CL, 
corn stover lignin; EG, endoglucanase; KL, kenaf lignin; PASC, phosphoric 
acid-swollen cellulose; PL, pine lignin. 



al [1] also reported that cellulases and xylanases are sig- 
nificantly affected by lignin, and BG was the enzyme that 
was least affected. In cellulase, CBH is found to have a 
higher affinity to lignins than EG. Lower lignin-binding 
was detected when using the enzyme without CBM and 
the linker domain, thus, CBM was found to play an im- 
portant role in protein adsorption [2], which could explain 
the least inhibition of BG by lignin. 

Lignin properties and possible mechanism for adsorption 
differences 

To understand the reasons for the differences in their ad- 
sorption capacities of protein, the properties of the lignins 
were investigated using Fourier transform infrared spec- 
troscopy (FTIR), nuclear magnetic resonance (NMR) spec- 
tra, and gel permeation chromatography (GPC) methods. 

FTIR analysis of lignins 

Signal assignment and relative intensities in the FTIR 
spectra of lignins are shown in Table 1. Compared with 
KL and AL, CL had much lower intensities at 2,938, 
2,879, 2,845 cm"^ (C-H vibrations in the methyl and 
methylene groups), and 1,462 cm"^ (C-H deformations 
in the methyl groups and aromatic ring vibrations), sug- 
gesting a higher H unit content and lower S unit con- 
tent, because H units had no OCH3 groups, and S units 
had two OCH3 groups linked to aromatic rings, confirm- 
ing that CL could be referred to as a GSH lignin. More- 
over, in CL, the significantly higher intensity at 830 cm"^ 
and the additional band at 1,168 cm"^ (typical for GSH 
lignin, except when indicating an antisymmetric C-O 
stretching of ester groups) also confirms this point [10]. 
The low intensity at 1,123 cm"^ (aromatic C-H deform- 
ation in S ring) and high intensity at 1,032 cm"^ (aro- 
matic C-H in plane deformation G + S) suggests a lower 
S/G ratio in CL than KL and AL. KL had higher inten- 
sities at 2,938, 2,879, 2,845, 1,462, and 1,123 cm"\ and 
lower adsorption at 1,268 cm"^ than AL, suggesting 
higher S unit content, lower G unit content, and higher 
S/G ratio. AL (hardwood) is known to be GS-type, 
which the intensity at 1,168 (none) and 833 cm"^ (0.15) 
also confirms. The zero adsorption at 1,168 cm"^ and 
the litde intensity at 833 cm"^ (0.20) means that KL had 
very low H unit content, which indicates that KL is be- 
tween hardwoods (GS) and grasses (GSH) in terms of 
lignin. The lower intensity at 2,879, 1,462, 1,123, and 
830 cm"^ and the almost zero adsorption at 1,329 cm"^ 
reveals the G-type of PL. 

Compared with KL and AL, CL had much higher inten- 
sities at 1,225, 1,083, and 1,168 cm"^ (ester group), indicat- 
ing the lower amount of carboxylic acid groups, which has 
negative correlation with protein adsorption affinity by re- 
ducing the hydrophobic interactions [6,11]. In previous 
studies, the increase in the amount of phenolic hydroxyls 
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Table 1 Signal assignment and relative Intensities In FTIR spectra of llgnlns 



Assignment 


Peak cm ^ 


KL 


CL 


AL 


PL 


ACL 


ASL 


0-H stretching in aromatic and alipliatic liydroxyl groups 


3,446 


2.00 


1.69 


1.62 


1.54 


5.56 


5.25 


C-H vibrations in tine metliyl and metliylene groups 


2,938 


0.56 


0.42 


0.49 


0.55 


0.70 


0.64 




2,879 


0.36 


0.30 


0.33 


0.26 


0.34 


0.30 




2,845 


0.31 


0.22 


0.29 


0.30 


0.40 


0.36 


Nonconjugated carbonyl groups (C = 0 stretcli) 


1,724 


0.58 


1.12 


0.69 


0.46 


- 


- 


Aromatic sl<eleton vibration 


1,594 


1.17 


1.25 


1.05 


0.73 


- 


- 




1,507 


1.00 


1.00 


1.00 


1.00 


1.00 


1.00 




1,422 


0.79 


0.66 


0.73 


0.40 


0.55 


0.43 


C-H deformations and aromatic ring vibrations (metliyl) 


1,462 


1.01 


0.89 


0.95 


0.61 


0.54 


0.47 


Plienolic liydroxyl groups 


1,384 


0.47 


0.61 


0.46 


0.14 


- 


- 


Syringyl ring breatliing, C-0 stretcli 


1,329 


0.45 


0.54 


0.51 


0.01 


0.09 


0.02 


Guaiacyl C-0 units 


1,268 


0.52 




0.82 


0.64 


0.74 


0.89 


Aromatic metliyl etiier bridges 


1,225 


0.86 


1.13 


0.83 


0.38 


1.00 


0.90 




1,083 




1.08 




0.25 


1.08 


1.05 


C-0 stretcli in ester group 


1,168 




1.01 






0.80 




Aromatic C-H deformation in syringyl ring 


1,123 


1.85 


1.38 


1.37 


0.47 


1.54 


1.26 


Aromatic C-H in plane deformation G + S 


1,032 


1.10 


1.46 


0.98 


0.64 


1.21 


1.33 


Aromatic C-H out of plane C-H out of plane in position 2 and 6 of S, and in all positions of H 


830 


0.20 


0.37 


0.15 


0.07 


0.21 


0.15 



The relative intensity was calculated as the ratio of the intensity of the band to the intensity of band at 1,507 cm~\ ACL, Arabidopsis Col-0 lignin; AL, aspen lignin; 
ASL, Arabidopsis SALK mutant 063792 lignin; CL, corn stover lignin; FTIR, Fourier transform infrared spectroscopy; G, guaiacyl; H, hydroxyphenyl; KL, kenaf lignin; 
PL, pine lignin; S, syringyl. 



in lignin has been linked to increased enzyme binding/in- 
hibition capacity [12]. A study using lignin model com- 
pounds confirms that phenolic hydroxyl groups, which are 
important and necessary sites for the protein-adsorption 
and protein-precipitation capacity of tannins and lignins, 
play a key role in lignin-enzyme interactions [9]. Ximenes 
et al, [13] have also reported an increase in the inhibition 
and/or deactivation effect caused by the addition of sol- 
uble phenolic compounds, which could inactivate enzymes 
by reversibly or irreversibly complexing them. Rahikainen 
et al, [2] found that the higher content of phenolic hy- 
droxyls in steam explosion pretreated lignins compared to 
the untreated lignins is a possible explanation of the 
higher affinity of the studied cellulases on steam explosion 
pretreated lignins. In this study, CL was found to have a 
significantly higher phenolic hydroxyl (1,384 cm"^) con- 
tent compared to KL and AL (Table 1), which is a possible 
factor that contributes to higher adsorption capacity. 
However, these did not fit well for PL, which had the low- 
est intensities at 1,225, 1,083, 1,168, and 1,384 cm"^, show- 
ing that there were other factors that caused the highest 
adsorption affinity on the enzyme. 

Compared to ACL (wild-type), ASL had much lower 
intensities at 1,329 and 1,125 cm"^, and higher intensity 
at 1,268 cm"^, indicating a lower S/G ratio. ASL was de- 
rived from Arabidopsis mutant 063792, in which the 



encoding gene of ferulate-5-hydroxylase (F5H), fahl, 
was SALK mutated to avoid S-type lignin formation. 
F5H is a potential regulatory step in the determination 
of lignin monomer composition, which catalyzes an irre- 
versible hydroxylation step in the pathway that diverts 
ferulic acid away from G lignin biosynthesis and toward 
sinapic acid and S lignin [14]. Thus, ASL had no S lignin 
and reduced S/G ratio because the total lignin content 
was the same in the two Arabidopsis lines. The S/G ratio 
was 0.12 and 0.02 (almost zero) for ACL and ASL, re- 
spectively, estimated using Absi329/Absi268 [15]. The 
low S/G ratio, which is one of the few differences be- 
tween ACL and ASL, could be recognized as the main 
factor of the significant difference in the enzyme adsorp- 
tion. And this result also shows that G lignin has higher 
adsorption affinity than S units. This may also be a rea- 
son why PL and CL showed higher affinity onto the pro- 
tein compared to KL and AL. 

NMR analysis 

To further investigate the structural features of the lig- 
nins, the and ^^C-NMR spectra of the milled wood 
lignins (MWL) from the different lignocellulosic mate- 
rials were recorded (Figure 3). Assignment of signals in 
the and ^^C-NMR spectra of li gnin are shown in 
Table 2 and Table 3, respectively. In ^H-NMR spectra 
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Figure 3 (A) The and (B) ^^C-NMR spectra of lignins. AL, 

aspen lignin; CL, corn stover lignin; KL, kenaf lignin; NMR, nuclear 
magnetic resonance; PL, pine lignin. 



(Figure 3A), the CL had significantly strong adsorption 
at 7.4 (G lignin), which is in accordance with the FTIR 
analysis that CL had a high content of G lignin. PL had 
no adsorption and CL had higher adsorption at aliphatic - 
OH (2.0 and 1.9 ppm). A lower content of aliphatic hy- 
droxyls in lignin reportedly affects higher enzyme binding/ 
inhibition capacity by increasing the surface hydrophobicity 
[1], which probably explains the higher adsorption capacity 
of PL than that of CL. 

The ^^C-NMR spectra included the region of aromatic 
carbons between 103 and 162 ppm (155 to 142 aromatic 
C-O, 142 to 124 aromatic C-C, and 124 to 102 aromatic 
C-H) and the aliphatic carbon region (90 to 60 ppm) 
[16]. In the ^^C-NMR spectra result (Figure 3B), the sig- 
nificantly strong adsorptions at 172.6, 170.9 (C = O), 



Table 2 Assignment of signals in ^H-NMR spectra of lignin 

ppm Assignments 

10.4 Hin-OH 
7.4 H in G 



6.9 


Ha (a,(3 in conjugated double bonds) 


4.8 


Hy (P-5, P-1,P-P, P-0-4) 


4.0 


Hp (P-0-4) 


3.8 


HOMe (aromatic) 


3.6 




3.3 


H2O 


2.6 


DMSO 


2.0 


H in aliphatic -OH 


1.9 




1.2 
1.1 


H in aliphatic -OH of high-shielding effect 


0.8 




0.0 


Unknown 


DMSG, dimethyl sulfoxide; G, guaiacyl; H, hydroxyphenyl; NMR, nuclear 


magnetic resonance. 




Table 3 Assignment of signals in ^^C-NMR spectra of lignin 


ppm 


Assignments 


172.6 


C = 0 


170.9 




166.3 


-COO- in FA and CA esters 


161.6 


C-4 in FA and CA esters 


159.9 


C-4 in H 


152.1 


C-3/C-5 in S etherified, C-3/C'-3 in 5-5' etherified 


147.2 


C-3/C-5 in S, C-4/C-3 in G 


145.2 


C-a in FA and CA esters, C-4 in G not etherified 


130.0 


C-2/C-6 in FA and CA ethers 


124.7 


C-a in coniferyl alcohol 


115.8 


C-3/C-5 in FA and CA esters, C-3/C-5 in H, C-5 in G 


113.7 


C-2 in G 


103.6 


C-2/C-6 in S 


83.0 


C-p in p-0-4, C-a in p-5 and p-p 


72.3 


C-a in p-0-4 


66.2 


C-Y in p-5 


62.8 


C-5 in xyl internal unit 


60.1 


C-Y in p-0-4 


55.7 


-OCH3 


28.9 


-CH2-(C5-CH2-C5) 


21.0 


-CH3 in acetyl group 


15.2 


Y-methyl in n-propyl side chain 



CA, p-coumaric acid; FA, ferulic acid; G, guaiacyl; H, hydroxyphenyl; NMR, 
nuclear magnetic resonance; S, syringyl. 
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1663 (-COO-), 159.9, 128 (H units), 147.2 (G + S), and (nonoxygenated) region showed no signals with struc- 

145.2 ppm (G) in CL were in accordance with the FTIR ana- tural information (except for the presence of acetate sig- 

lysis. Esterified j^-coumaric acid, as a precursor of H units nals at 5c/6h 20.7/1.74), and therefore is not discussed 

and a usual content in monocotyledonous plants, was clearly in detail. In the side-chain region, methoxyls (OCH3, 6c/ 

indicated by strong signals at 167, 161, 130.5, 125.5, and 5h 56.2/3.73) and side-chains in |3-0-4 substructures 

116 ppm, further supporting the GSH-type for CL [16]. The were the most prominent in all of the lignins (Figure 4A). 

significant adsorption at 21.0 ppm (CH3- in acetyl groups) Compared to other lignins, CL was weak in Ap (Cp-Hp 

in CL also supports the significant adsorption at 15.2 ppm in y-OH |3-0-4, 5c/6h 86.5/4.10), A'p (Cp-Hp in y- 

(y-methyl in A2-propyl side chain), like the analysis of FTIR acylated p-O-4, 5c/6h 83.6/4.32), and Cy (Cy-Hy in p-|3, 

and ^^C-NMR (more C = 0). No adsorption at 152.1 and 6c/5h 71.7/3.81 and 4.17), and there was no adsorption 

103.6 ppm (S units) and the higher intensity at 147.2 and in Cp (Cp-Hp in |3-|3, 6c/5h 53.7/3.12) and Bp (Ca-H^ in 

145.2 (G units), further supports the G-type for PL. |3-5, 5c/6h 87.7/5.45). PL had no signal for {Ca'i^a in 

Two-dimensional heteronuclear single quantum co- |3-1, 5c/6h 82.1/5.12) and D^' (Ca'-H^' in p-1, 5c/6h 

herence (2D-HSQC) NMR has been capable of providing 85.4/4.80). In the aromatic regions of lignins, cross-signals 

important structural information on lignin, for example, from H, S, and G lignin units were observed (Figure 4B). 

substructures (inter-coupling bonds). The HSQC spectra The S -lignin units show a prominent signal for the C2,6- 

showed three regions corresponding to aliphatic (5c/5h ^^2,6 correlation at 5c/6h 103.8/6.68, whereas the G units 

10 to 50/0.5 to 2.5), lignin side chain (5c/6h 50 to 90/2.5 show different correlations for C2-H2, C5-H5, and Ce-H^ 

to 5.5), and aromatic (6c/5h 100 to 150/5.5 to 8.5) re- at 5c/5h 111.5/6.99, 115.2/6.71 and 6.94, and 119.5/6.83, 

gions [10]. The assignments of ^^C-^H cross-signals in respectively. The C2,6-H2,6 aromatic correlations from H 

the HSQC spectra are shown in Table 4. The aliphatic units (5c/6h 128.2/7.17) were significantly observed in CL, 

Table 4 Assignment of ^^C-^H cross-signals in the HSQC spectra of lignin 



Labels 


6c/6h (ppm) 


Assignments 


Cp 


53.7/3.12 


Cp-Hp in (3-(3 (resinol) substructures (C) 


Dp 


56.1/3.09 


Cp-Hp in (3-1 (spirodienone) substructures (D) 


-OCH3 


57.3/3.77 


C-H in metlioxyls 


Ay 


60.0/3.38 to 3.71 


Cy-Hy in (3-0-4 substructures (A) 


A'Y 


63.8/3.83 to 4.30 


Cy-Hy in y-acylated (3-0-4' substructures (A' and A") 


Cy 


71.7/3.81 and 4.17 


Cy-Hy in (3-(3 (resinol) substructures (C) 


Aa/A'a 


72.3/4.86 


Ca-Ha in (3-0-4 substructures (A, A', and A") 


Da 


82.1/5.12 


Ca-Ha in (3-1 (spirodienone) substructures (D) 


A'p 


83.6/4.32 


Cp-Hp in y-acylated (3-0-4 substructures (A' and A") 


Ca 


85.4/4.64 


Ca-Ha in (3-(3 (resinol) substructures (C) 


Da 


85.4/4.80 


Ca-Ha' in (3-1 (spirodienone) substructures (D) 


Ap 


86.5/4.10 


Cp-Hp in y-OH (3-0-4 substructures (A) 


Ba 


87.7/5.45 


Ca-Ha in [3-5 (phenylcoumaran) substructures (B) 


^2,6 


103.8/6.68 


C2-H2 and Ce-Hg in etherified syringyl units 


S2,6 (Ca = 0) 


106.7/7.36 and 7.21 


C2-H2 and Cs-Hg in oxidized (Ca = 0) syringyl units 


G2 


1 1 1 .5/6.99 


C2-H2 in guaiacyl units 


D2' 


1 1 1 .6/6.23 


C2'- H2' in [3-1 (spirodienone) substructures (D) 


A"p' 


114.3/6.24 


Cp'-Hp' in p-coumaroylated substructures (A") 


G5 


115.2/6.71 and 6.94 


C5-H5 in guaiacyl units 


A"3',5' 


116.2/6.77 


C3'- H3' and C5'- H5' in p-coumaroylated substructures (A") 


D6' 


118.3/6.19 


Q'- Hg' in [3-1 (spirodienone) substructures (D) 


G6 


119.5/6.83 


Cs-Hs in guaiacyl units 


^2,6 


128.2/7.17 


C2-H2 and C5-H5 in p-hydroxyphenyl units 


A"2',6' 


130.5/7.4 


C2'- H2' and Q'- Hg- in p-coumaroylated substructures (A") 


A"a' 


145.1/7.39 


Ca-Ha' in p-coumaroylated substructures (A") 
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Figure 4 (A) Expanded side chain (6c/6h 50 to 90/2.5 to 5.5) and (B) aromatic (6c/6h 100 to 150/5.5 to 8.5) regions in the HSQC spectra 
of lignins. AL, aspen lignin; CL, corn stover lignin; HSQC, heteronuclear single quantum coherence; KL, kenaf lignin; PL, pine lignin. 



had weak signals in KL, and had trace content in AL and 
PL, in accordance with the FTIR analysis. The A" a' {Ca" 
Hct' in /^-coumaroylated substructures) and A''^' (Cp -Hp' in 
/7-coumaroylated substructures) are clearly observed only 
in CL, in accordance with the FTIR and ^^C-NMR ana- 
lysis, also further supporting the GSH-type of CL. No ad- 
sorption was observed at any signal for S units and main 
adsorption at any signal for G units, which also further 
supported the G-type for PL, also in accordance with the 
FTIR analysis. 

Lignin composition 

Based on the number of carbons per aromatic ring of 
the C-2 of G units, C-2/C-6 of S units, and C-4 of H 
units in ^^C-NMR [16], the S/G ratios were established 
to be 2.89, 0.87, 1.67, and 0 for KL, CL, AL, and PL, re- 
spectively. S/G/H ratio was 0.62:0.71:1 for CL, in accord- 
ance with the FTIR and NMR analysis that shows that H 
lignin was abundant. Even though kenaf is a herbaceous 
plant, the analysis shows that KL tended to have the 
hardwood lignin (GS-type), which was demonstrated by 
the high S/G ratio, the absence of signal for j^-coumaric 
acid in ^^C-NMR and 2D-HSQC NMR, and the low 
content of H units in FTIR and NMR analyses. Previous 
analysis from FTIR showed that the low S/G ratio was 
the main factor of the significant difference in the ad- 
sorption of enzyme onto ACL and ASL, and G lignin 



had higher adsorption capacity on protein than S units. 
Moreover, according to the results of adsorption and the 
analysis of S/G ratio in lignins, S/G ratio had a good 
negative correlation between S/G ratio and adsorbed 
protein content {R^ = 0.94), which means that low S/G 
ratio could be confirmed as one factor of the high ad- 
sorption capacity for lignin. Figure 4 shows that the 
amount of H units decreased in the order CL > KL > PL > 
AL. The almost equivalent amount of H units in PL and 
AL, and the greater adsorption capacity of PL than AL in- 
dicate that the concentration of the H unit in lignin did 
not affect the adsorption capacity. CL had more H units 
and weaker affinity than PL, and KL had more H units 
and weaker adsorption capacity than AL and PL, indicat- 
ing that the increase in the amount of H units did not in- 
crease the adsorption capacity. CL had more H units and 
greater affinity than KL, demonstrating that the increase 
in the amount of H units did not decrease the affinity. 
These results show that the amount of H units may not be 
related to the adsorption capacity. 

Even though the influence of altering the S/G ratio of 
the moieties in lignin on the chemical and physical 
properties of the cell wall and glucose yield is being ac- 
tively studied [4,5,17], there are no studies about the ef- 
fect of the amount of the H unit on the enzymatic 
digestibility of the biomass and the three lignin mono- 
mers on adsorption capacity until now. In the enzymatic 
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hydrolysis, Arabidopsis mutant 063792 not only pre- 
sented higher cellulose conversion compared to Arabidop- 
sis wild-type Col-0, whether with high or low enzyme 
dosage (data not shown), but also increased cellulose con- 
version much higher with low enzyme dosage (48%) than 
with high enzyme dosage (14%), although there is almost 
same content of total lignin in the two Arabidopsis lines. 
This result further demonstrates that the low S/G ratio 
produced high glucose yield for untreated samples [5], and 
S units rendered more resistance to degradation by cellu- 
lase [18], which more significantly appeared with low en- 
zyme dosage and sufficiently counteracted the lower 
adsorption on cellulase. Papa et al [5] reported that high 
lignin-S/G ratio produced low glucose yields for untreated 
samples (r=-0.97; P <0.03; n = 4), but the alteration of 
lignin-S/G ratio did not affect the glucose yield after ionic 
liquid (IL) pretreatment, which is attributed to the high ef- 
ficacy of IL pretreatment that masked the effect of the al- 
tered S/G ratios. The S/G ratio has also been reported to 
affect enzymatic hydrolysis because it affects lignin cross- 
linking, and thus, the three-dimensional structure of the 
plant cell wall and enzyme accessibility [17]. The chemical 
composition and the structural elements of lignin are 
regarded as barriers to enzymatic hydrolysis [19]. The 
downregulation of S units also leads to the incorporation 
of novel units into the lignin that arises from the interme- 
diates in the lignin synthesis pathway [20], such as 5- 
hydroxyconiferyl alcohol. The inclusion of these novel 
intermediates may 'loosen' the overall lignin structure and 
are responsible for improving its digestibility. Pan [9] also 
stated that the concentration of lignin methoxyl groups is 
highly negatively correlated with the degradation of the 
cell wall, and believed that the high likelihood of quinone 
methide formation is the reason for the greater inhibitory 
effect of S units than G units. 

Molecular weight determination 

The weight average molecular weights (Mw), number 
average molecular weights (Mn), and PDI (Mw/Mn) of 
the lignins were determined using GPC analysis (Table 5). 
The average molecular weight of the lignins from the dif- 
ferent types of lignocellulosics and PDI were difficult to 
relate to protein binding, which was also reported in other 
studies [6]. Nevertheless, GPC showed that PL and CL 



Table 5 Molecular weights and polydispersity index 
of lignins 



Lignin sample 


Mn (Da) 


Mw (Da) 


Polydispersity (Mw/Mn) 


KL 


36,719 


147,755 


4.02 


CL 


44,530 


163,802 


3.68 


AL 


47,389 


224,615 


4.74 


PL 


20,039 


78,149 


3.90 



AL, aspen lignin; CL, corn stover lignin; KL, kenaf lignin; Mn, number average 
molecular weights; Mw, weight average molecular weights; PL, pine lignin. 



had more uniform lignin fragment size than AL and KL, 
which is favorable for the interaction with proteins by 
higher plasticity [1]. The uniformity in lignin fragment size 
decreased in the order PL, CL > AL > KL, which is in ac- 
cordance with the order of adsorption capacity. 

Conclusions 

Through the comparison of the protein adsorptions onto 
six lignins and the examination of the properties of the lig- 
nins, lignin sources were found to affect enzyme adsorp- 
tion through their lignin composition and structural 
features, like functional groups, such as carboxylic acid, ali- 
phatic hydroxyl, and phenolic hydroxyl groups. The ad- 
sorption capacity decreased in the order PL > CL > AL > 
KL. The lower the S/G ratio, the higher affinity was ob- 
served. For mono-component enzymes, the adsorption 
capacity decreased in the order CBH, xylanase > EG > BG. 
The investigations in this paper not only reveal the differ- 
ences of lignin properties among diverse biomass, the ad- 
sorption capacity of the enzymes to lignins, and its possible 
mechanism, but also provides the reference for the genetic 
modification of lignocellulosic biomass and enzymes. 

Methods 

Microorganism and biomass materials 

P, oxalicum JUAIO-T, a mutant from Pep oxalieum JU- 
AlO, was stored in the laboratory. The medium compos- 
ition for cellulase production was based on that previously 
described [21]. 

Kenaf stalk and corn stover were obtained from Xinjiang 
Uygur Autonomous Region and Shandong Province, 
China, respectively, and aspen and pine {Pinus massoni- 
ana Lamb.) were provided by Tianjin University of Sci- 
ence and Technology, Tianjin, China. Arabidopsis Col-0 
(wild-type) and Arabidopsis mutant 063792 (SALK mutant 
of fahl) were generously granted by the Botany Labora- 
tory at Shandong University, Shandong Province, China. 

Preparation of lignins, holocellulose, and PASC 

The MWL from kenaf, corn stover, aspen, pine (P. mas- 
soniana Lamb.), Arabidopsis Col-0, and Arabidopsis 
SALK mutant 063792 in this study were isolated from 
lignocelluloses according to the description in the litera- 
ture [22]. MWL is a lignin preparation considered to be 
the most representative of the whole native lignin in the 
plant [22], and is mainly used to study the structure of 
lignin [10,16] despite its low yield. However, the isolated 
MWL is the only lignin fraction that was extracted using 
aqueous dioxane (96%) solution, and did not represent 
the structure and characteristics of all the lignin in the 
plant. The holocellulose from Arabidopsis Col-0 and 
PASC (1%, w/v) were prepared according to the des- 
cription by Eom et al [23] and Zhang et al, [24], 
respectively. 
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Enzyme adsorption 

The adsorption of the enzyme preparation to lignins was 
performed in polypropylene tubes (2 mL) using 33% (w/v) 
lignin and 5.4 mg g"^ lignin of protein in 50 mM sodium 
acetate buffer (pH 4.8) at 45°C for 48 h in a rotary shaker 
(QB-228, Kylin-Bell Lab Instruments Co., Ltd, Haimen, 
Jiangsu Province, China). Lignins appeared to be insoluble. 
Samples were centrifuged (10,000 rpm, 10 min) and the 
liquid containing the unbound enzymes was collected 
(adsorption supernatant) for further analysis. Controls 
lacking lignin or enzyme were used as reference. 

Protein analysis and enzyme assays 

Protein concentrations were determined using the method 
described by Bradford [25]. The activities of CBH, EG, BG, 
and xylanase were assayed using 1% pNVC, CMC-Na, sali- 
cin, and xylose (Sigma- Aldrich, St Louis, MO, USA) as the 
substrate at pH 4.8 (50 mM sodium acetate buffer) at 50°C 
for 30 min according to the procedures of Gao et al [26] 
and Guo et al [27]. One unit (U) of enzyme activity was 
defined as the amount of enzyme that liberated 1 (imol of 
reducing sugar per minute under the assay conditions. 

Enzymatic hydrolysis 

The hydrolysis tests for Avicel (Sigma- Aldrich), holocellu- 
lose, and PASC were conducted using the enzyme and each 
lignin (3.3%, 5.4 mg protein g"^ lignin) at 45°C for 48 h in a 
rotary shaker (QB-228). The substrate for loading was 
double lignin. In the supernatant, glucose and xylose were 
determined using HPLC (Shimadzu, Kyoto, Japan) with a 
refractive index detector (Shimadzu) on an Aminex HPX- 
87P column (Bio-Rad, Hercules, CA, USA) at a flow rate of 
0.5 mL/min at 78°C, with water as the eluent. Samples lack- 
ing lignin or enzyme served as control. 

Lignin characterization 

The functional groups of the isolated lignins were ana- 
lyzed using FTIR (Nexus, Thermo Nicole t, Thermo Fisher 
Scientific, Waltham, MA, USA), with KBr pellets, over the 
range of 400 to 4,000 cm"^, and NMR spectra with an 
Avance 400 MHz spectrometer (Bruker, Billerica, MA, 
USA) at 25°C in DMSO-d6. For ^H-NMR, 10 mg of lignin 
was dissolved in 0.5 mL DMSO-de, and 100 mg of lignin 
for ^^C-NMR and 2D-HSQC spectra. The sequence was 
conducted according to literature [10]. 

The molecular weights of the lignins were determined 
using GPC with dimethylformamide (DMF) [6]. 
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